The extremely radioresistant bacterium Deinococcus radiodurans is evolutionarily closely related to the extremely thermophilic bacterium Thermus thermophilus. These bacteria have a single gene encoding an aspartate kinase (AK) that catalyzes the phosphorylation of L-aspartate. T. thermophilus has an aminoadipate pathway for lysine biosynthesis that does not use AK for lysine biosynthesis. Phylogenetic analysis in this study indicated that D. radiodurans AK has a different protein structure and a different evolutionary history from T. thermophilus AK. Disruption analysis of D. radiodurans AK indicated that D. radiodurans AK was not used for lysine biosynthesis but for threonine and methionine biosyntheses. A D. radiodurans AK disruption mutant exhibited a phenotype similar to a T. thermophilus AK disruption mutant, which indicates that these two AKs have different evolutionary origins, though their functions are not different.
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The extremely radioresistant bacterium Deinococcus radiodurans and the extremely thermophilic bacterium Thermus thermophilus form a monophyletic group. 1, 2) Phylogenetically, the Deinocuccus-Thermus group diverged at an early stage of the bacterial evolution. 1, 2) T. thermophilus biosynthesizes lysine not through the diaminopimelate but through the aminoadipate pathway. [3] [4] [5] D. radiodurans has genes all homologous to T. thermophilus lysine biosynthetic genes. 6) These homologous proteins of D. radiodurans are the most closely related to the T. thermophilus proteins. 6) Those genes are clustered in T. thermophilus, but are scattered in D. radiodurans.
6) The D. radiodurans disruption mutant of DR1420 (homologous to lysZ) and/or DR1758 (homologous to lysA) exhibited a phenotype different from the T. thermophilus disruption mutant. 7) Aspartate kinase (AK) catalyzes the phosphorylation of L-aspartate. This reaction is the first step in biosynthetic pathways common to lysine (through the diaminopimelate pathway), threonine, and methionine from asparatic acid. In 1999, the whole genome sequence of D. radiodurnas was determined. 8) In 2004, the whole genome sequence of T. thermophilus was determined.
9) D. radiodurans and T. thermophilus have a single AK (DR1365 in D. radiodurans, TTC0166 in T. thermophilus). T. thermophilus does not use AK for lysine synthesis, but uses it for threonine and methionine syntheses. 3, 4) On the other hand, it is uncertain whether D. radiodurns uses AK for lysine biosynthesis.
Some AKs are connected to homoserine dehydrogenase (HDh), which has bifunctional activities. [10] [11] [12] HDh catalyzes the NAD(P)-dependent reduction of L-aspartate 4-semialdehyde into L-homoserine. This reaction is the third step in the biosynthetic pathways common to threonine and methionine from asparatic acid. D. radiodurans and T. thermophilus have a single HDh (DR1238 in D. radiodurans, TTC0115 in T. thermophilus), which is located far from AK on the genomes.
Materials and Methods
Genomes used in this study. The following 74 prokaryotic genomes (71 bacteria and three archaea) were used in this analysis. The prokaryotes are classified according to the taxonomic information in the KEGG database.
13) -Proteobacteria: Buchnera aphidicola APS, Escherichia coli K-12 MG1655, Haemophilus influenzae (serotype d), Legionella pneumophila Philadelphia 1, Pseudomonas aeruginosa, Salmonella enterica serovar Typhi CT18, Shewanella oneidensis, Shigella flexneri 301 (serotype 2a), Vibrio cholerae, Xylella fastidiosa 9a5c, Yersinia pestis CO92. -, -, "-, or -Proteobacteria: Agrobacterium tumefaciens C58 y To whom correspondence should be addressed. Fax: +81-3-5841-1136; E-mail: hnishida@iu.a.u-tokyo.ac.jp 14) was done with the parameter values given on the GenomeNet web site (http://www.genome.jp) for the 74 whole genomes selected in this analysis. The query amino acid sequences were TTC0166 and TTC0115 of T. thermophilus in the cases of AK and HDh respectively. According to each BLAST result, proteins with a value of E < 10 À10 were recognized as AKs, and proteins with a value of E < 10 À5 were recognized as HDhs. Multiple alignments were produced using the CLUSTAL W program 15) on the GenomeNet web site. Phylogenetic trees were constructed based on the multiple alignments with the complete deletion of the gap sites using the neighbor-joining method of the MEGA software 16 ) with 1,000 bootstrap analysis. Poisson correction was used as the substitution model. A total of 256 amino acid-sites from 95 AKs and 267 sites from 67 HDhs were considered.
Disruption of DR1365 in Deinococcus radiodurans. Deinococcus radiodurans strain R1 was purchased from the American Type Culture Collection (Manassas, VA) (ATCC 13939 T ) and used as the parental strain. D. radiodurans was grown at 30 C in TGY broth containing 0.5% Bacto-tryptone, 0.1% glucose, and 0.3% yeast extract, or on a TGY plate supplemented with 1.5% agar. Four mg of kanamycin per ml was added if necessary. Genomic DNA was isolated using a DNeasy Tissue Kit (Qiagen, Valencia, CA). The DR1365 gene has four EheI sites. We performed PCR amplification of a 1.1-kb DNA fragment containing the first EheI site in the middle. The PCR primers were 5 0 -ACCTCGCCGTAGCTCAGC-3 0 and 5 0 -CTGCTCGAC-ATCACCGTG-3 0 . The PCR product was cloned into the pDrive Cloning Vector (Qiagen). The plasmid was digested with EheI and then ligated with the 1.0-kb HincII fragment from pKatAPH2. 7) Using the resulting plasmid as the template, PCR was performed with the primers described previously.
7) The amplified DNA fragment was introduced into D. radiodurans ATCC 13939 to generate a DR1365 disruptant. Disruption was confirmed by PCR using primers 5 0 -GCACCTTGG-CGCCGAAATAG-3 0 and 5 0 -CCTGCGCGACTTTCA-TGCC-3 0 . The mutants were cultured in TGY broth for 24 h. After centrifugation, the cell pellet was washed 3 times with minimal medium developed for D. radiodurans 17) that does not contain lysine. The cells were then cultured in the minimal medium, the minimal medium supplemented with 0.1 mM methionine and threonine, or the minimal medium supplemented with 0.1 mM methionine, lysine, and threonine, at 27 C for 2 or 3 d. Cell density was determined at 660 nm using a spectrophotometer.
Results and Discussion
Phylogenetic analyses of D. radiodurans AK and HDh D. radiodurans AK (DR1365) was clustered with three archaeal AKs (MJ0571, MK0109, and MM1417) with 80% bootstrap support (Fig. 1a) . On the other hand, T. thermophilus AK (TTC0166) was clustered into bacterial AKs, which were located distantly from the D. radiodurans AK (Fig. 1a) . Hence the phylogenetic position of D. radiodurans AK is consistent with bacterial species-evolution, but that of T. thermophilus AK is inconsistent with it. It is reasonable to conclude that D. radiodurans HDh (DR1278) is closely related to T. thermophilus HDh (TTC0115) with 93% bootstrap support; it is located near three archaeal HDhs (MJ1602, MK1554, and MM2713) in Fig. 1b .
D. radiodurans and T. thermophilus have a single AK, 8, 9) which suggests that T. thermophilus lost an AK related to DR1365 and gained the origin of TTC0166. T. thermophilus does not use TTC0166 for lysine synthesis, but uses it only for threonine and methionine syntheses, 3, 4) Disruption analysis of D. radiodurans AK In this study, DR1365 disruption mutant was generated. The mutant did not grow in the minimal medium (Fig. 2) . The growth rate of the mutant in the minimal medium supplemented with methionine and threonine was identical to that in the minimal medium supplemented with methionine, threonine, and lysine (Fig. 2) , indicating that D. radiodurans uses DR1365 for biosyntheses of methionine and threonine, but does not use it for lysine biosynthesis. This result is consistent with the phenotype of the AK disruptant of T. thermophilus.
4)
But the growth rate of the mutant in the minimal medium supplemented with methionine and threonine was lower than that of the wild type (Fig. 2) , and this is perhaps related to these amino acid transport systems. Thus, TTC0166 encoding an AK in T. thermophilus and DR1365 encoding an AK in D. radiodurans have different evolutionary origins, but their functions are not different.
Evolution of -Proteobacterial AKs and HDhs
In both phylogenetic trees based on AKs and HDhs, -Proteobacteria were distant from the other Proteobacteria (, , ", and ), except for Pseudomonas aeruginosa. Interestingly, bifunctional AKs were distributed into -Proteobacteria (except for P. aeruginosa), but were not distributed into the other Proteobacteria. TheProteobacteria have both bifunctional and monofunctional AKs, but they have no monofunctional HDh. The monofunctional AKs from -Proteobacteria formed a monophyletic lineage that is more closely related to bifunctional HDh/AKs (Fig. 1a) . Thus, a common ancestor of these bifunctional HDh/AKs already existed at an early stage of bacterial species-divergence. The two phylogenetic trees in this study indicate that the substitution patterns of -Proteobacterial AK and HDh are different from those of the other Proteobacteria. This suggests that the evolution of -Proteobacteria is related to the birth of bifunctional HDh/AK.
Evolution of bifunctional and monofunctional AKs
In the phylogenetic tree (Fig. 1a) , multiple copies of AK were found in Firmicutes (except for Enterococcus faecalis, Lactococcus lactis, and Thermoanaerobacter tengcongensis) and in -Proteobacteria (except for P. aeruginosa). On the other hand, single copies were found in Actinobacteria (except for Symbiobacterium thermophilum), Cyanobacteria, and Deinococcus-Thermus.
The cluster of bifunctional enzymes includes 16 AKs with HDh and 2 AKs with diaminopimelate decarboxylase (DAPDC). The two DAPDC/AKs (XF1116 and lpg1811) were clustered with 100% bootstrap support (Fig. 1a) . A common origin of these two DAPDC/AKs was branched off at the early stage of the cluster divergence of the bifunctional emzymes (Fig. 1a) , which suggests that DAPDC/AK was produced by a fusion of AK and DAPDC, not by replacement of HDh with DAPDC in HDh/AK.
In the cluster of the bifunctional AKs, b0002, SF0002, STY0002, YPO0459, and VC2364 formed a monophyletic lineage with HI0089, BU194, and SO3415 Cell density (Y-axis) was determined at 660 nm using a spectrophotometer. X-axis shows incubation times (h).
(with 100% bootstrap support). On the other hand, b3940, SF4018, STY3768, YO0116, and VC2684 formed another monophyletic lineage (with 100% bootstrap support). Such a phylogenetic relationship was conserved well in the HDh regions (Fig. 1b) . These results indicate that gene duplication of HDh/AK occurred once in the common ancestor of Escherichia coli, Shigella flexneri, Salmonella enterica, Yersinia pestis, and Vibrio cholerae. TM0547 of Thermotoga maritima is an HDh/AK, but this enzyme was distant from the cluster of the other bifunctional enzymes in both the AK and the HDh region ( Fig. 1a and b) . TM0547 has a structure such that the N-terminal of AK is connected with the C-terminal of HDh. On the other hand, the other HDh/AKs have a structure such that the C-terminal of AK is connected with the N-terminal of HDh. Based on the phylogenetic position of TM0547, the origin of AK of TM0547 is different from that of the other bifunctional AKs.
Structure of AKs and feedback inhibition by amino acids
Thermus flavus AK has an 2 2 -type tetrameric structure, which is feedback inhibited by threonine. 18) This suggests that T. thermophilus AK (TTC0166 in Fig. 1a) has the same character. Some bacteria have different AKs; for example, Bacillus subtilis and Escherichia coli have three different AKs. B. subtilis AK-II (BG10350 in Fig. 1a ) and E. coli AK-III (b4024 in Fig. 1a) are inhibited by lysine. 19, 20) But the two AKs have different structures, an 2 2 -type tetrameric structure in the case of B. subtilis AK-II and homodimeric structure in the case of E. coli AK-III. 19, 20) In addition, these phylogenetic positions (Fig. 1a) are far distant. B. subtilis AK-III (BG12033 in Fig. 1a ) is inhibited by lysine and threonine, which perhaps functions as a monomer.
21) E. coli AK-I (b0002 in Fig. 1a) is inhibited by threonine. 22) These proteins are far distant from T. thermophilus AK in Fig. 1a . According to the phylogenetic distance between T. thermophilus AK and D. radiodurans AK (Fig. 1a) , it is uncertain whether the structure and feedback inhibition system of D. radiodurans AK is the same as that of T. thermophilus AK. There are many AKs from whole genomic data, but only a small amount of data on the three dimensional structures and feedback inhibition by amino acids. More studies are needed in order to elucidate the relations between the structure of AKs and feedback inhibition by amino acids.
